Objective: To estimate the normal circumference of the interphalangeal (IP) thumb joint and the proximal IP (PIP) joints from the index finger to the little finger using individual physical parameters such as body height and body weight. Methods: The maximum size on the ring gauge was recorded which caused resistance when the IP joint of the thumb or PIP joints of the index to small fingers were passed through the gauge. RG was defined as the ring gauge number with the same diameter as the circumference of the IP thumb joint and PIP finger joints from the index finger to the little finger. There were 300 healthy subjects and 600 hands. Univariate and multivariate analyses were used to analyze the relationships between RG and the parameters of age, sex, height, weight, and dominant hand, and regression equations were derived. Results: Age, sex and body weight were all statistically significant predictive factors of RG in all fingers. R2, the coefficient of determination in the regression equation, was almost 0.7 for all fingers, indicating that a moderate or strong correlation was observed between RG and the regression equation. Conclusions: The circumference of the IP thumb joint and PIP finger joints from the index finger to the little finger can be estimated in healthy individuals using a calculation formula that takes age, sex, body height and body weight into account.
Introduction
There are numerous disorders that are classified as orthopedic or collagen dis-eases that cause swelling of the fingers. These include rheumatoid arthritis (RA), dactylitis associated with spondylarthritis, and osteoarthritis of the fingers. Accurate qualitative and quantitative diagnosis of finger swelling in these disorders is extremely important for differential diagnosis. During the early stages of rheumatoid arthritis in particular, swelling of the fingers is usually the only symptom, and the importance of excluding forms of arthritis other than RA is even mentioned in the new classification criteria published by the American College of Rheumatology and European League Against Rheumatism [1] . However, in current medical treatment settings, when patients who complain of finger swelling are examined on an outpatient basis, it is not uncommon to be unsure of whether swelling was caused by joint disease, or whether the morphology is characteristic of the patient.
For this reason, if there are clinical parameters that enable clinicians to estimate the normal values for finger circumference, it will be possible to determine whether the patient's finger has a greater-than-normal circumference during the initial examination. We believe this would enable clinicians to determine whether or not a disease state is present. In this study, we established a hypothesis to estimate the normal circumference of the interphalangeal (IP) thumb joint and the proximal IP (PIP) joints from the index finger to the little finger using individual physical parameters such as body height and body weight.
Subjects and Methods
Approval for study RBMR-C-1291-1 was obtained from the local research ethics committee (Graduate School of Medical Science, Kyoto Prefectural University of Medicine, Kyoto, Japan).
Our subjects were a total of 300 healthy volunteers with no history of finger swelling or trauma (119 men, 181 women, age: 19 -90 years, mean age: 36.7 years) who were examined at the orthopedic outpatient department for diseases associated with PIP finger joint swelling. The only way to make a diagnosis of exclusion between inflammatory disease and traumatismis to do so during history taking. Imaging investigations, such as plain X-rays, are not used for diagnosis. Our subjects had either not yet started working, or engaged in light physical labor. Individuals in professions that involved long-term periods of heavy physical labor were excluded. We measured the IP thumb joint and PIP finger joints from the index finger to the little finger using ring gauges commonly used in Japan (Japan Custom Size standard; ART No. 40610, sizes #1-30; Meikosha Mfg. Co., Ltd., Nagoya, Japan) ( Figure 1 ). Japan custom size ring gauges are designed such that the diameter increases by 1/3 mm and the internal circumference increases by approximately 1 mm each time the size increases by one (Table 1) . We explained the measurement method to the subjects, then their joint circumferences were measured by the patients themselves, or with the assistance of a nurse or occupational therapist. Ring gauges were used sequentially from largest to smallest in order to ensure the reproducibility of the circumference measurements. The minimum number of the ring gauge size that allowed the IP thumb joint and PIP finger joints, from the index finger to the little finger, to pass through was recorded. The positions that were actually measured by the ring gauges were the site at which weak resistance occurred (Figure 2(a) ), the site at which maximum resistance occurred (Figure 2(b) ) and the site at which resistance was attenuated (Figure 2(c) ) when the finger was inserted into the ring. We measured the point at which there was maximum resistance, i.e. at Based on the method described above, we measured the RG from the thumb to the little finger and recorded age, sex, body height, and body weight as S. Nakamura et al. parameters. Age and sex were confirmed from the patient's medical records, while body height and body weight were measured using a measuring rod and weighing scale in the orthopedic surgery outpatients' department (AD-6228AP,
A & D Co., Ltd., Tokyo, Japan). We conducted regression analysis using the respective finger RGs and each of the parameters, and investigated a method to determine the normal estimated circumference.
We performed statistical analysis using SPSS ver. 23.0 (IBM Japan, Ltd., Tokyo, Japan). The following formula was used to calculate the regression coef-
where i y is actual data, ˆi y is data estimated from regression equation, y is mean value obtained from the whole data, n is the number of data points and m is the number of independent variables.
During statistical analysis, we performed univariate analysis using the RG and each of the parameters, then performed additional multivariate analysis. A p value less than 0.05 was considered to be statistically significant, and coefficient of determination R 2 < 0.2 was defined as no correlation, 0.2 ≤ R 2 < 0.4 was defined as a weak correlation, 0.4 ≤ R 2 < 0.7 was defined as a moderate correlation and R 2 ≥ 0.7 was defined as a strong correlation.
During this study, RG was used as a dependent variable, while age, sex, body height, and body weight were used as independent variables, and all were used to perform linear regression analysis. The RG estimation equation was used for analysis.
Results
The purpose of this study was to construct a highly accurate estimation equation If the variable was significant, then the power of the sample size of 300 subjects who were analyzed during this study was 0.999. Accordingly, we believe that the sample size in this study was adequate to ensure a power ≥0.8.
The results of univariate analysis of the RG and the parameters age, sex, body height and body weight for healthy fingers are shown in Table 2 . Sex, body height and body weight were all statistically significant predictive factors of RG for all fingers. Age was a significant predictive factor of RG in both thumbs and the index finger of the dominant hand, although it was not a significant factor for other fingers. R 2 , the coefficient of determination in the regression equation was below 0.1 for age for all fingers, indicating that no correlation was observed.
Body height showed a weak correlation to 9 out of 10 fingers and a strong correlation to 1 finger. Body weight showed a weak correlation to 2 out of 10 fingers and a strong correlation to 8 fingers.
The results of multivariate analysis of the RG and the parameters age, sex, body height and body weight for healthy fingers are shown in Table 3 . Age, sex
and body weight were all statistically significant predictive factors of RG in all fingers. Although body height was a significant predictive factor of RG in the index finger of the dominant hand and the ring finger in both hands, it was not a significant factor for the other fingers. R 2 , the coefficient of determination in the regression equation, was almost 0.7 for sex in all fingers, indicating that a RGs and circumferences of the IP thumb joint and PIP finger joints from the index finger to the little finger on the following website ( Figure 3) http://www.mito2001.com/sample/furitsu/html/study/rheumatism_cal.html.
Discussion
The causes of pathological swelling in the fingers may include various elements, such as synovial membrane swelling, hydrarthrosis, flexor tendon tenosynovitis, soft tissue edema, periarticular osteophyte formation, and bone deformation.
We believe that these factors may cause finger swelling in isolation or in combination during RA and collagen disorders including spondylarthritis, as well as osteoarthritis. When differentiating between these disorders, it is of course important to perform a qualitative evaluation of this swelling, but before doing so, quantitative determination of whether the finger is swollen, and whether the state is within the normal physiological range, must take place. However, this is frequently not easy.
In previous reports, Helliwell et al. used a special device known as The Leeds
Dactylometer to measure the finger circumference in order to diagnose dactylitis that commonly occurs with axial spondylitis, including ankylosing spondylitis (AS) and psoriatic arthritis [2] . The accuracy of the Leeds Dactylometer finger circumference measurements has been evaluated. However, the dactylitis score [3] is calculated by comparison of the circumference of the fingers affected by dactylitis to the circumference of the fingers on the contralateral side. The score also considers the presence of tenderness. Therefore, these measurements are not usually performed due to the difficulty of evaluation in cases with bilateral dactylitis and variability in tenderness. We used ring gauges, which are easier to obtain than the Leeds Dactylometer. The results of this study show that, when RG numbers are used as objective variables during a univariate analysis, RG is unrelated to age, but related to sex, body height and body weight, although during multivariate analysis, RG was found to be unrelated to body height, but related to age, sex and body weight.
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These differences may be due to the fact that body height and body weight are confounding factors. However, the RG includes not only the skeleton, but also the soft tissues in the joint circumference, therefore we believe that body height and body weight should each be viewed as independent variables and body height should also be used as a parameter in the estimation equation.
During actual medical practice, ultrasound (US) and magnetic resonance imaging (MRI) are used to perform image-based evaluations of finger PIP joint swelling [4] [5] [6] .
The greatest advantages of US are its rapid dissemination due to hardware advances and its non-invasiveness. Hyperplasia of the synovial membrane within the joint is not flat and extends proximally and dorsally from the joint space in the PIP finger joints, therefore it is possible to perform accurate examinations using US [7] . Reports state that, compared to the Disease Activity Score for RA (DAS28), the power Doppler (PD) US score exhibits a strong correlation to the progression of joint destruction over time [8] . The frequency of the progression of joint destruction was compared at baseline and after one year in RA patients in clinical remission using examination findings, and MRI and US findings.
Examination findings were not able to predict the progression of joint destruction, but US PD was reported to be capable of predicting the progression of joint destruction at an odds ratio of 12.21 [9] . However, disadvantages of US are the fact that considerable time is required to perform US investigations, the high frequency of inter-and intra-observer errors [10] , and the differing sensitivity of PD depending on the US device used [11] . The disadvantage of using US devices is the fact that they are qualitative, and lack objectivity. By comparison, the ring gauge is a semiquantitative device, and easy to use, which facilitates easy follow-up examination. Intra-and inter-observer errors were not assessed in this study, and will be a topic for future research.
An advantage of MRI is that it can accurately depict synovial proliferation.
Reports state that it is possible to easily diagnose hyperplasia of the finger joint synovial membrane using contrast-enhanced MRI images of the fingers that are taken using gadolinium, with additional processing performed using maximum intensity projection [12] [13] . Changes in synovitis can be easily visualized using contrast-enhanced MRI and it is very useful as a method for presenting patient-friendly results. However, disadvantages of MRI include the fact that contrast-enhancement necessitates intravenous injection of gadolinium, and that the investigations are time-consuming and expensive. In addition, MRI cannot be said to be an international standard investigation method at this point in time.
According to the indicators (2013) published by the Organization for Economic
Co-operation and Development (OECD), the mean number of MRI machines in 2013 was 14.1 machines per 1 million individuals [14] . In Japan, this number is 46.9 machines per 1 million individuals, meaning that Japan has the highest number of MRI machines, although in several countries, MRI cannot easily be used for diagnosis at present.
The method described in this paper is not appropriate for differential diagnosis, because it is not capable of providing qualitative diagnosis of finger swelling.
However, it is possible to observe changes over time easily using ring gauges due to changes in disease activity and treatment intervention in diseases such as RA that cause changes to the finger PIP joint circumference over a relatively short period. If we observe a relationship when we compare the semi-quantitative evaluation of synovitis using US and MRI to the changes in PIP finger joint circumference using ring gauges, then ring gauges may assist in evaluation of finger PIP joint synovitis and evaluation of the disease state. Furthermore, if ring gauges show some correlation to ultrasound and MRI, so they have the potential to become a powerful medical auxiliary tool in institutions, countries or regions where these tests cannot be easily performed. These will be future research topics.
There were some limitations during this study. The subjects were 300 Japanese individuals, so adequate adjustment for confounding factors using sociodemographic data was not possible. Intra-and inter-observer errors were not assessed for the RG measurements performed during the study. Going forward, studies should perform a comparative investigation of patients with PIP finger joint swelling, based on the results in this study.
Conclusion
The current study has shown that the circumference of the IP thumb joint and PIP finger joints from the index finger to the little finger can be estimated in healthy individuals using a calculation formula that takes age, sex, body height and body weight into account.
